We cloned and sequenced the rDNA internal transcribed spacer 2 (ITS2) of 4 species belonging to the neotropical Anopheles (Nyssorhynchus) albitarsis complex, that is, A. albitarsis; A. albitarsis B; Anopheles marajoara, a proven malaria vector; and Anopheles deaneorum, a suspected vector. Even though the ITS2 sequences of these species were very similar ( 1.17% divergence), we found differences suitable for species identification and intragenomic variation of possible consequence in phylogenetic reconstruction. Variation came from 2 microsatellite regions and a number of indels and base substitutions. The existence of partially correlated subsets of clones in A. albitarsis is hypothesized either to be separate rDNA loci or to be semiindependently evolving portions of a single rDNA locus. No differences were found between males and females, suggesting that similar rDNA arrays exist on both the X and Y chromosomes. In addition, highly variant clones, possibly pseudogenes, were found in A. marajoara from Venezuela.
Concerted evolution is the process where all members of a multicopy gene family are converted to the same sequence. The mechanism of concerted evolution has been attributed to either unequal crossing over or gene conversion (Smith 1976; Zimmer et al. 1980; Dover 1982) . The rDNA is a multicopy gene family that exists as one or more tandem arrays of many transcriptional units per cell (Gerbi 1985) , where concerted evolution rapidly spreads mutations to all members of the gene family, even if arrays are located on different chromosomes (Dover 1982; Gerbi 1985; Tautz et al. 1988) . In mosquitoes, each rDNA transcriptional unit is composed of an external transcribed spacer, an 18S subunit, an internal transcribed spacer 1 (ITS1), a 5.8S subunit, an ITS2, and a 28S subunit. The rDNA units within an array are linked to each other by an intergenic spacer (IGS). The transcribed spacers are thought to contain conserved structures important in forming the mature ribosomal amplicon (Gerbi 1985; Thweatt and Lee 1990; Wesson et al. 1992; Paskewitz et al. 1993; van Nues et al. 1995) . The rDNA sequence is a valuable source of information because the functional regions that produce the ribosomes are highly conserved but the transcribed and nontranscribed spacers have high interspecific and low intraspecific variability, making them useful for explaining relationships of recently diverged species and also useful as a basis for polymerase chain reaction (PCR) identification of morphologically similar species. As such, ITS1 and ITS2 have been used extensively in phylogenetic reconstruction of closely related and cryptic species complexes, as well as in the development of diagnostic species-specific PCR-based markers. However, because PCR can amplify all sequences of ITS present within the genome, variation among ITS sequences within individuals or species could result in inaccurate phylogenies and erroneous markers for species diagnostics. Consequently, identifying and quantifying levels of intragenomic and intraspecific variation among ITS sequences are of real importance.
The mosquito genus Anopheles (443 formally named species) contains all the vectors of human malaria parasites. Because many of the primary vectors belong to cryptic species complexes, it is necessary to have accurate phylogenetic reconstructions and species diagnostics for the study of malaria transmission and its relation to Anopheles evolution. Sequences of ITS1 and ITS2 are an excellent source for such information. However, in Anopheles, there are examples of rDNA intragenomic variation (Wilkerson et al. 2004; Fairley et al. 2005) , but its prevalence and magnitude is not well studied. A consideration in search of an explanation for Anopheles intragenomic rDNA sequence variation is the possibility that rDNA arrays are linked to different sex chromosomes, that is, they have been found only on the X of some species (Collins et al. 1989) or on both the X and Y of others (Marchi and Pili 1994) . Consequently, rDNA arrays on sex chromosomes that exhibit limited recombination could result in incomplete homogenization.
In this study, we examine ITS sequences from multiple individuals of 4 closely related species of the neotropical Anopheles albitarsis complex. These include Anopheles marajoara Galvão & Damesceno (Brazil, Venezuela, Colombia, and southern Central America), a known carrier of malaria (Conn et al. 2002) ; Anopheles deaneorum Rosa-Freitas (northern Argentina to western Brazil), a suspected malaria vector Klein, Lima, Tada, and Miller 1991) ; and 2 other species A. albitarsis Lynch-Arribalzaga (southern Brazil, northern Argentina, and Paraguay) and A. albitarsis B (south, central, and eastern Brazil), whose role in malaria transmission is unclear. The 4 species can be reliably separated by random amplified polymorphic DNA (RAPD) (Wilkerson, Gaffigan, and Lima 1995; Wilkerson, Parsons, et al. 1995) and white gene (Merritt et al. 2005) . We initially sought to examine the phylogenetic relationships among these species employing a number of genes, including ITS2 and cytochrome oxidase I (CO1) . We observed ambiguous results from direct sequencing; thus, we sought to clone and sequence ITS2 sequences from these species to quantify the magnitude and prevalence of intragenomic ITS2 variation and determine its effect on phylogenetic reconstruction. In addition, we sampled both male and female individuals within each species to investigate possible rDNA gender differences.
Materials and Methods

Taxon Sampling
Morphological identification of A. albitarsis s.l. was carried out using characters found in Linthicum (1988) and Peyton et al. (1992) . Specimens used for cloning and sequencing are given in Table 1 . They represent examples from progeny broods reported in Wilkerson, Gaffigan, and Lima (1995) and Wilkerson, Parsons, et al. (1995) from widely separated parts of the species ranges, including type localities of the 3 named species, and both sexes. In addition, a larger sample of A. marajoara is represented because of its wide distribution and the possibility of a cryptic species, A. albitarsis E (Lehr et al. 2005) . For brevity, letter designations are sometimes used that follow those in Wilkerson, Gaffigan, and Lima (1995) and Wilkerson, Parsons, et al. (1995) : A 5 A. albitarsis, B 5 A. albitarsis B, C 5 A. marajoara, D 5 A. deaneorum, for example, in Tables 1-3 . The ITS2 sequence reported here was used to design diagnostic primers ) that correctly identified all specimens first recognized with RAPD markers (Wilkerson, Gaffigan, and Lima 1995; Wilkerson, Parsons, et al. 1995) as follow: A. albitarsis, n 5 56; A. marajoara, n 5 407; A. deaneorum, n 5 41; and A. albitarsis B, n 5 56. Because there was complete concordance of data sets for a relatively large sample from many locations, we were able to base our conclusions on a much smaller number of cloned individuals.
DNA Processing
DNA was isolated from individual adult mosquitoes by phenol-chloroform extraction as described in Wilkerson et al. (1993) . The ITS2 region was amplified using PCR primers based on conserved sequences in the 5.8S and 28S ribosomal subunits of A. quadrimaculatus Say (Cornel et al. 1996) . The boundaries of the ITS2 were determined as in Cornel et al. (1996, Figure 1A ). PCRs were carried out as described in . Amplified PCR products were cleaned using QIAquick PCR purification kit (Promega, Madison, WI). About 200 ng of each purified PCR product was ligated into pCR-TOPO plasmid (Invitrogen, Carlsbad, CA). Two microliters of the ligation reaction mixture was then transformed into competent One Shot cells (TOPO TA Cloning Kit, Invitrogen). Transformed cultures were plated on Luria-Bertani plates containing 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside, isopropyl-beta-D-thiogalactopyranoside, and 50 lg/ml ampicillin. Successful insertions are confirmed by PCR. Plasmids were extracted by the mini-prep method (Sambrook et al. 1989) . Sequencing and alignment were as described in . Sequence statistics were obtained using PAUP version 4.0b4 (Swofford 1998) . GenBank accession numbers are given on Table 2 .
Genetic Distance and Phylogenetic Analysis
Uncorrected ''p'' pairwise distances were calculated by PAUP version 4.0b10 (Swofford 1998) . The aligned ITS2 sequences were analyzed by maximum parsimony (MP) as implemented in PAUP and Bayesian analysis carried out using MRBAYES 3.1 (Huelsenbeck and Ronquist 2001) . The parsimony and Bayesian analyses were chosen because gap information can be incorporated into both. Each gap was treated as a single character regardless of the length of the gap, under the assumption that a given gap is a result from one mutational event (Simmons and Ochoterena 2000) . Single unique mutations were disregarded because of the possibility that they were the result of Taq replication error. Parsimony analysis was conducted using the heuristic search option with TBR (tree-bisection-reconnection) branch-swapping algorithm. Parsimony bootstrapping was done with 1000 pseudoreplicates with 10 random taxon addition replicates per pseudoreplicate. For Bayesian analysis, we used MRMODELTEST 2.2 (Nylander 2004) to choose an input evolutionary model. Markov chain Monte Carlo runs were 2 Â 10 6 generations long with sampling every 5 Â 10 3 generations, for a total of 4001 samples. Of these, the first 1001 were discarded as burn-in, which is well past the point where the likelihood plot reached a plateau.
RNA Secondary Structure
The putative secondary structure of the ITS2 was estimated using MFOLD (Zuker et al. 1999) . A t-distribution was calculated to compare the minimum free energy levels of all clones given by MFOLD (Sokal and Rohlf 1981) .
Results
We cloned ITS2 PCR products from each sex of A. albitarsis (n 5 3), A. albitarsis B (n 5 3), A. deaneorum (n 5 4), and A. marajoara (n 5 8). Individuals from widely separated localities, including type localities, were used as described above and in Table 1 . The larger sample of A. marajoara served to test for consistency of sequence in this widely distributed species and to test the hypothesis of the fifth species (Lehr et al. 2005) . The number of clones from the 18 total individuals ranged from 3 to 28 (Table 2) , giving a total of 217 clones. Alignment of sequences was straightforward because there was little sequence variation. Unless otherwise stated, the following description does not apply to 2 variant A. marajoara clones, C3.1 and C4.1, from individuals COJ9 and COJ10 from Cojedes, Venezuela (Tables 1 and 2 ), which we discuss separately.
Inter-and Intragenomic Variation
Total length of the ITS2 ranged from 344 to 365 bp. There were 4 microsatellite regions, (GT) 5-7 at position 118, (GA) 3-11 at 273, (CT) 4 at 147, and (GC) 3 at 345, all of which were common to all 4 species ( Table 2 ). The first 2 regions were variable and contributed to all the length and intragenomic variations of ITS2 within A. albitarsis B and A. deaneorum. However, repeat number was not species specific. There were 3 interspecific and/or intraspecific 2-or 3-base indels at positions 34, 271, and 236 and 8 single-base substitutions at positions 30, 43, 80, 248, 260, 268, 276, and 328 .
The polymorphic ACC and GC indels in A. albitarsis occurred concordantly in clones from 2 individuals in about equal proportions, 5 of 15 in specimen A1 and 5 of 20 in specimen AM2. The third individual of A. albitarsis (AF2) also had a low proportion of ACC indel clones (1 of 21), but the GC indel was not present in our sample. There was no indication of any obvious correlation of the other 2 polymorphic sites (positions 43 and 328) in this species with each other or the ACC and GC indels.
Phylogenetic Analysis
MP and Bayesian analyses were carried out for clones from 3 individuals of each species with the microsatellite regions removed and indels coded as 0 or 1 (Simmons and Ochoterena 2000) . For clarity, because the combined and separate results were nearly identical, we present results from a single individual (Figure 1 ) of each species. Tree topology was the same for both analyses, but branch support was better with Bayesian analysis (support for both shown in Figure 1 ). Anopheles deaneorum, A. marajoara, and A. albitarsis B all clustered into separate groups. However, A. albitarsis clones separated into 2 groups corresponding to the correlated and partially correlated ACC and GC indels described above. Variation among clones was slight, with intragenomic base differences ranging from 0.0% to 0.57%, intraspecific variation ranging from 0.0% to 0.60%, and interspecific variation ranging from 0.28% to 1.17% (Table 3) .
Additional A. marajoara Clones Twenty-six clones from 3 individuals representing A. albitarsis E of Lehr et al. (2005) were sequenced, 1 from Boa Vista in northern Brazil and 2 from Venezuela. Except for rare mutations, sequences of these clones matched sequences from other collection sites, including the type locality of A. marajoara, Marajó Island, Brazil (Table 2) .
Variant A. marajoara Clones Significant divergence was seen in a single clone from 2 individuals, COJ9 (clone C3.1) and COJ10 (clone C4.1), from Cojedes, Venezuela. These sequences were similar to each other but quite different from all other clones (Table 2) . Clone C3.1 differed from other conspecific clones by 5.6-6.6% and C4.1 differed by 3.5-4.1%. Genetic difference between the 2 variant clones was 2.0%.
Secondary Structure of rRNA
The secondary structures of rDNA ITS2 were predicted by MFOLD (Zuker et al. 1999) . Minimum free energies in kilocalories/mole were À181.5 to À185.5 for A. albitarsis, À176.7 to À180.0 for A. albitarsis B, À175.6 to À179.0 for A. marajoara, and À178.6 to À183.4 for A. deaneorum. The structures of the 2 variant A. marajoara clones, C3.1 and C4.1, have significantly lower energy (À167.4 and À168.9 kcal/mole; P , 0.01 in the Student's t-test) and presumably lower stability than other A. marajoara. Figure 2A shows the predicted folding structures of all clones in the albitarsis complex except C3.1 ( Figure 2B ) and C4.1 ( Figure 2C ). Note that the stem and loop near the presumptive ITS2 excision site (Fritz et al. 1994 ) (next to the right arrow in Figure 2A ) is missing in the 2 variant clones ( Figure 2B ,C).
Discussion
A basic assumption about multigene families, such as rDNA, is that the processes collectively referred to as concerted evolution (gene conversion and unequal crossing over) maintain homogeneity of all copies (Hood et al. 1975; Smith 1976; Zimmer et al. 1980; Dover 1982) . Mutations rapidly spread to all members of the gene family even if there are arrays located on different chromosomes (Dover 1982; Arnheim 1983; Gerbi 1985; Tautz et al. 1988 ). In the case of noncoding regions, such as ITS2, this can lead to fixed interspecific differences and intraspecific homogeneity. The efficiency of homogenization of rDNA is usually high (Liao 1999) , as exemplified by its common use as a marker for mosquito identification, most of which are derived from ITS2 (examples given in Wilkerson et al. 2004 ). However, as our results show, when mutation rates are higher than rates of homogenization, then variation within individuals may be greater than that observed between populations (see also Fritz et al. 1994; Onyabe and Conn 1999; Wilkerson et al. 2004 ). This possibility should be accounted for before rDNA is used for phylogenetic or population studies or as a basis for species-specific PCR primers.
ITS2 Variation
The ITS2 of all 4 RAPD-determined species in the Albitarsis Complex were intragenomically and interspecifically variable. Length variation was limited (344-365 bp) and mostly attributable to the 2 variable microsatellite regions. In addition, there were a number of indels and base substitutions accounting for both the length and sequence variabilities (see Results and Table 2 ). Anopheles albitarsis differed from the other species in having intragenomically variable ACC and GC indels (positions 236 and 271) and a variable T/C mutation at position 43. The ACC indel and the T/C mutations were Table 3 . Uncorrected ''p'' distance matrix of clones from A1, B1, C1, and D1 Figure 1 . MP tree generated from rDNA ITS2 sequence derived from individuals A1, B1, C1, and D1 in Table 3 . Species (number of clones): Anopheles albitarsis (15), A. albitarsis B (10), Anopheles marajoara (15), and Anopheles deaneorum (11). The same topology is found when AM2, AF2, BM2, BF2, CM2, CF2, DM2, and DF2 are combined. Bootstrap values are on the branches. The first numbers are from MP analysis; the second number in parenthesis is from MRBAYES analysis.
used by to design species-specific primers to identify A. albitarsis, A. albitarsis B and A. deaneorum as a group, and A. albitarsis, respectively. Even though the above 3 (ACC, GC, and T/C) differences are not fixed in A. albitarsis, PCR primers designed based on them still amplified as if there were only target sequence present and therefore still functioned to diagnose the species or groups of species. Clones of A. albitarsis ITS2 showed greater diversity than the other 3 species. In this case, intragenomic ITS2 variation within A. albitarsis was greater than that between species in the complex. For example, the genetic distance between A1.1 and A1.3 (A. albitarsis) was 0.57%, whereas the difference between A1.1 and D1.1 (A. deaneorum) was 0.28% (Table 3) . This is an apparent example of mutation rates that are higher than homogenization rates. Intragenomic variation at ITS2, and in other parts of the rDNA gene array, is probably very common (Harris and Crandall 2000) . In Anopheles mosquitoes, intragenomic variation has also been found in a number of other Anopheles species (Onyabe and Conn 1999; Wilkerson et al. 2004; Fairley et al. 2005) and in other mosquitoes in subfamily Culicinae (Black et al. 1989; Wesson et al. 1992; Miller et al. 1996; Beebe et al. 2000) .
Effect of Microsatellites on Phylogenetic Reconstruction
Highly variable microsatellites may have confounding effects on phylogenetic and population genetics analyses. Harris and Crandall (2000) noted that if the multicopy nature of a marker is not recognized, inconsistent results can occur because alleles will not be distributed in a Mendelian manner. Cloning results verified our hypothesis that microsatellite variation was responsible for ambiguous sequencing results. However, in our case (data not shown), and in that of Vogler and DeSalle (1994) , phylogenetic results were not affected by exclusion of microsatellite regions.
Chromosome Location of rDNA Arrays Figure 1 shows 2 clusters of clones from the same individual of A. albitarsis that are as different from each other as they are from the other 3 species. This suggests either that there are 2 rDNA loci within A. albitarsis or that there are semiindependently evolving homologous rDNA loci. This could be caused by inefficient gene conversion and gene recombination. Multiple rDNA locations are not unusual, for example, there are 5 in humans (Gonzalez and Sylvester 2001) and at least 2 in Drosophila hydei (Hennig et al. 1975 ) and grasshoppers (White et al. 1982) . Similar explanations were considered for other Anopheles mosquitoes by Onyabe and Conn (1999) and Beebe et al. (2000) .
The rDNA arrays are usually on chromosomes associated with sex determination. Kumar and Rai (1990) and Marchi and Pili (1994) mapped dozens of species of mosquitoes and found rDNA loci on the autosomes of culicine mosquitoes and on the X and Y chromosomes of an Anopheles. In addition, they found loci on heterologous chromosomes in genus Aedes, the only confirmed example of loci on different chromosomes found so far in mosquitoes. In the Gambiae Complex (subgenus Cellia), Anopheles gambiae Giles and (43) subunits. The secondary structure common to clones from all species (A) except for the 2 clones shown in (B) and (C), which were found in 2 individuals of Anopheles marajoara from Cojedes, Venezuela.
Anopheles arabiensis Patton have rDNA only on the X chromosome, whereas in the other species of the complex, it is on the X and Y chromosomes (Collins et al. 1989) . In 2 Anopheles subgenus Nyssorhynchus species, Rafael et al. (2003) found rDNA on both the X and Y chromosomes. If rDNA was associated only with the X chromosome, as it is in A. gambiae, then males would be expected to have half the number of rDNA cistron copies (Collins et al. 1989 ) and half the haplotype diversity. If there were a subset of rDNA associated with the Y but not the X chromosome, then only males would be expected to have the Y-associated rDNA. In our sample, we did not see higher haplotype diversity associated with males or females. Polanco et al. (2000) proposed 2 models to account for apparently correlated sets of rDNA other than loci on separate chromosomes: a haplotypic single-lineage model for ITS evolution and a multilineage model for IGS evolution. The X and Y chromosomes in Anopheles are only partially homologous, and X chromosome variants do occur (Baimai et al. 1993; Rafael et al. 2003) . Such factors may contribute to incomplete homogenization and could explain our finding of partially correlated intragenomic ITS2 haplotypes. As employed in the above studies, physical mapping using in situ hybridization is needed to confirm the location of rDNA loci in the A. albitarsis complex species.
Anopheles albitarsis Species E
Based on complete sequence of the mitochondrial COI, Lehr et al. (2005) proposed a fifth species (A. albitarsis E) for the albitarsis complex in northern Brazil and Venezuela. We found no evidence from ITS2 sequence to support their conclusions. Isosequential ITS2 can occur in closely related Anopheles species (see above), and additional data are necessary to resolve this question.
Variant A. marajoara Clones
Anopheles marajoara individuals COJ9 and COJ10 from Cojedes, Venezuela, each had a different highly divergent clone ( Table 2) . The sequences are similar to the other A. marajoara ITS2 but differ from each other by about as much as A. marajoara does from the other 3 species. One of the clones (C3.1) has many mutations throughout its length, whereas the other (C4.1) is the same as all the other A. marajoara clones up until position 207, after which it mirrors the mutations in the more divergent clone. This ''half-variant'' could be due to template jumping, which could anomalously combine normal and variant sequence (Thompson et al. 2002) . The relatively high sequence variation between these 2 clones suggests that these copies could be from nonfunctioning rDNA (pseudogenes). To test this possibility, we compared estimated minimum free energy levels and looked at the secondary structure predicted by the program MFOLD (Zuker et al. 1999) . We found that the folding structures of these 2 clones have statistically significantly lower energies than all other clones (see above) and therefore lower structural stability. In addition, the variant clones lack a stem and loop at the ITS2 excision site present in all other clones (Figure 2) . It is possible that this structural variation could affect cleavage efficiency of the precursor RNA, and it leads us to conclude that these copies probably come from nonfunctioning rDNA (pseudogenes). To our knowledge, this is the first of such report in a mosquito, but they have been documented in other organisms (Brownell et al. 1983; Benevolenskaya et al. 1997; Razafimandimbison et al. 2004 ). Further work is clearly needed to verify this observation.
Application of ITS2 Intragenomic Variation
Unambiguous identification of Anopheles malaria vector species is essential for the study of an array of factors that affect control and disease transmission. When morphological characters are not available, molecular alternatives must be found. In the case of the Albitarsis Complex, we initially looked at sequence of the rDNA ITS2 hoping to find a way to separate the 4 species. Ordinarily, it is possible to directly sequence the ITS2 without ambiguity, but in the Albitarsis Complex, direct sequence results were not clear because of intragenomic variation. Using ITS2 clones, we were able to identify primer locations that were not compromised by intraspecific and intragenomic variability . Such variability often cannot be seen in direct sequencing and could lead to design of primers that will give erroneous or ambiguous results. For example, at position 236 (Table 2) in A. albitarsis, there are 2 alleles, ACC present and ACC absent. In a consensus sequence, ACC absent copies are preferentially amplified because they are more common. If a primer were designed based on ACC present, then an A. albitarsis sample would be misidentified as A. albitarsis B or A. deaneorum. Similar results could occur with primers designed based on positions 43 and 328. With these data, we were able to design primers for the 4 species previously determined using RAPDs and provide an identification tool for an important malaria vector group.
